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JNK Pathway-associated Phosphatase Dephosphorylates
Focal Adhesion Kinase and Suppresses Cell Migration™
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JNK pathway-associated phosphatase (JKAP, also named
DUSP22) is expressed in various tissues, indicating that JKAP
may have an important biological function. We showed that
JKAP localized in the actin filament-enriched region. Expres-
sion of JKAP reduced cell migration, whereas a JKAP mutant
lacking catalytic activity promoted cell motility. JKAP effi-
ciently removed tyrosine phosphorylation of several proteins.
We have identified focal adhesion kinase (FAK) as a substrate of
JKAP. Overexpression of JKAP, but not JKAP mutant lacking
catalytic activity, decreased FAK phosphorylation at tyrosines
397, 576, and 577 in H1299 cells. Consistent with these results,
decreasing JKAP expression by RNA interference promoted cell
migration and Src-induced FAK phosphorylation. Taken
together, this study identified a new role for JKAP in the modu-
lation of FAK phosphorylation and cell motility.

Dual specificity phosphatases (DUSPs),? including MAPK
phosphatases, can dephosphorylate both tyrosine and serine/
threonine residues (1). Although DUSPs display limited
sequence identity to the classical protein-tyrosine phosphata-
ses (PTPs), they use the same cysteine-based catalytic mecha-
nism and share striking structural similarity with the PTPs.
Most MAPK phosphatases consist of a conserved catalytic
region and an extended regulatory region, the cdc25 homology
domain (2, 3). Some DUSPs lack this regulatory domain and,
accordingly, have a low molecular weight; they have been clas-
sified as atypical DUSPs (4). JNK pathway-associated phospha-
tase (JKAP), an atypical DUSP, was originally identified from a
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differential display analysis of genes that are preferentially
expressed in murine hematopoietic stem cells (5). JKAP is also
named as VHR-related MKPX (VHX) (6), JNK stimulatory
phosphatase-1 (JSP-1) (7), and LMW-DSP2 (8). This gene is
now designated as DUSP22. JKAP has a canonical PTP signature
motif, HCXXGXXR, at residues 87—94. JKAP is expressed in vari-
ous types of tissues and cells (5), suggesting that JKAP may partic-
ipate in essential biological processes. Previous studies have dem-
onstrated that JKAP selectively activates JNK in human embryonic
kidney 293T cells (5) and COS-1 cells (7). JKAP-deficient murine
embryonic fibroblasts lack JNK activation in response to tumor
necrosis factor «and transforming growth factor 8 (5). In contrast,
JKAP was also shown to dephosphorylate and inactivate JNK and
p38, but not ERK, in transfected COS-7 cells (8). JKAP expression
has been found to suppress T cell antigen receptor-induced ERK2
activation in Jurkat T cells (6). The effects of JKAP on the activa-
tion of MAPKs are controversial, implying JKAP may exert dis-
tinct properties dependent on cell type and tissue specificity. Addi-
tionally, JKAP also acts as a negative regulator through decreased
phosphorylation of estrogen receptor-a and STAT3 in estrogen-
and interleukin-6/leukemia inhibitory factor-mediated signaling
pathways, respectively (9, 10). Thus, JKAP may have multiple
physiological substrates and participate in various signaling
cascades.

The dynamic change of focal adhesions plays a central role in
cell migration. Many proteins in focal adhesions, such as
cytoskeletal proteins and signaling proteins, are regulated by
phosphorylation (11). Although the roles of kinases in focal
adhesions have been elucidated, the importance of phospha-
tases remains largely unknown. Focal adhesion kinase (FAK) is
associated with the formation of focal contacts and is activated
by tyrosine phosphorylation (12). Phosphorylation on Tyr-397,
the autophosphorylated residue in FAK, creates an Src-binding
site (13). Phosphorylation of FAK by Src on Tyr-576 and Tyr-577
within the catalytic domain, in turn, promotes the optimal activa-
tion of FAK (14). FAK could influence the cytoskeleton, structures
of cell adhesion, and membrane protrusions to regulate cell motil-
ity (15). In this study, we show that FAK is a substrate of JKAP.
Furthermore, JKAP co-localizes with actin filaments. By manipu-
lating the expression and activity of JKAP, we have demonstrated a
novel role of this phosphatase in coordination of cell motility
through regulating FAK phosphorylation.

EXPERIMENTAL PROCEDURES

Plasmids—A human JKAP-encoding fragment was amplified
using a ¢cDNA pool of H1299 cells as a template. The frag-
ment was inserted between BamHI and Xhol sites of
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FIGURE 1. JKAP co-localizes with actin filaments and reduces cell migration. A, H1299 cells were stably
transfected with GFP (upper panel) or GFP-tagged JKAP (lower panel, Field 1 and Field 2) and stained with
TRITC-conjugated phalloidin for F-actin and 4’,6-diamidino-2-phenylindole for nucleus. Band C, H1299-JKAP,
cells and H1299-JKAP-CS+ cells were cultured with or without 2 ng/ml tetracycline (Tet) for 15 h. The protein
levels and cell migration abilities were examined by Western blotting (left panel) or by Transwell assays (right
panel), respectively. EGF, epidermal growth factor; exo, exogenous JKAP; endo, endogenous JKAP. Quantitative
data were means * S.E. of one representative result from three independent experiments. *, p < 0.05; **, p <
0.01, compared with the Tet— group.

o

CA) and was confirmed by DNA
sequencing. The DNA fragment of
wild type and mutant JKAP vectors
was enzyme-digested, isolated, and
inserted into pTriEX-GFP (—) vec-
tors between the Mlul and Xhol
sites to form JKAP-GFP expression
vector. The DNA fragments were
also enzyme-digested and inserted
into pGEX-4T-3 (GE Healthcare)
vectors between the BamHI and
Xhol sites to form glutathione
S-transferase (GST)-JKAP and
GST-JKAP-CS expression vectors.
The interference RNA against
human JKAP was generated using
the pSUPER-retro.puro vector
(OligoEngine, Seattle, WA) as a
backbone. The 19-nucleotide
sequences 5'-TACCTGTGCATCC-
CAGCAG-3' (shJKAP-1) and 5'-
ACACTGGTGATCGCATACA-3’
(shJKAP-2), corresponding to
human JKAP coding sequence res-
idues 148-166 and 289-307,
respectively, were used for design-
ing the inverted repeat insertion
in pSUPER-retro.puro vector ac-
cording to the manufacturer’s
instructions.

Establishment of Stably Trans-
fected Cells—H1299 cells were
transfected with Lipofectamine
2000 reagent (Invitrogen) according
to the manufacturer’s instructions.
To establish permanent tetracycline-
inducible JKAP-expressing cells,
H1299 cells were transfected with
pcDNA4/TO-JKAP and pcDNA4/-
TO-JKAP-CS, respectively, and then
transfected with pTriEX-TR-Neo
vector, which encodes the tetracy-
cline repressor (TR). Multiple clones
(six to eight) from an individual trans-
fection were then mixed to form
H1299-JKAP,, and H1299-JKAP-
CSg cells. H1299-shJKAP-1, H1299-
shJKAP-2, and HI1299-pSUPER
cells were generated by transfecting
the pSUPER-shJKAP-1, pSUPER-
shJKAP-2, or pSUPER-retro.puro
plasmids, respectively.

Reagents and Antibodies—Tetra-
cycline was purchased from Invitro-
gen. The other chemicals were pur-

pcDNA4/TO/myc-His B vector (Invitrogen). JKAP-C88S chased from Sigma. The anti-Myc monoclonal antibody was
(JKAP-CS) mutant-expressing vector was generated using the prepared from a culture of hybridoma clone 9E10 (American
QuikChange site-directed mutagenesis kit (Stratagene, LaJolla, Type Culture Collection, Manassas, VA). The antibodies
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body (Molecular Probes). Nuclei
were detected with 4’,6-diamidino-

2-phenylindole (Molecular Probes).
The cover slides were mounted in
mounting medium (Biomeda) and
analyzed by Leica TCS SP2 confocal
microscope (Mannheim, Germany).

Cell Migration and Gap-closing
Assay—Cell migration was per-
formed in a standard Transwell
assay (Costar). The Transwell-mi-
grated cells were fixed in methanol,
stained with Giemsa solution, and
counted under a phase-contrast
microscope. Results were presented
as the number of cells per 10 fields.
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FIGURE 2. Expression of JKAP decreases cell motility. H1299-JKAP cells were cultured with or without 2
ng/ml tetracycline (Tet) overnight before the gap-closing assay. A, after a gap was created, cells migrating into
the gap region were monitored at 0, 15, and 24 h. Quantitative data were means = S.E. of one representative
result from three independent experiments. **, p < 0.01, compared with the Tet— group. B, migrating H1299-
JKAP, cells that were cultured with 2 ug/ml tetracycline were fixed at 15 h (Field T and Field 2) and subjected
to double immunostaining with anti-Myc antibody for JKAP-Myc and TRITC-conjugated phalloidin for F-actin.

Magnifications of the insets are shown in the right panels.

against phosphotyrosine 4G10 and FAK were from Upstate
Biotechnology, Inc. (Waltham, MA). The anti-JKAP (DUSP22)
and anti-FAK-pY397 antibodies were purchased from Abnova
Corp. (Taipei, Taiwan) and Abcam Inc. (Cambridge, MA),
respectively. The antibodies against Src, paxillin, and p130Cas
(p130 Crk-associated substrate) were from Santa Cruz Biotech-
nology (Santa Cruz, CA). The antibody against B-actin was
from Sigma. The other antibodies were purchased from Cell
Signaling Technology (Beverly, MA). The peroxidase-conju-
gated anti-mouse IgG and anti-rabbit IgG secondary antibodies
were from Pierce.

Fluorescence Staining Analysis—Tested cells were rinsed
with phosphate-buffered saline and fixed in 4% paraformalde-
hyde. After permeation with 0.5% Triton X-100, the cells were
blocked with 5% bovine serum albumin. The treated cells were
incubated with primary antibody or TRITC-conjugated phal-
loidin followed by the fluorescence-conjugated secondary anti-
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Merge

Gap-closing assay was performed
using ibidi w-dish with two-cham-
ber inserts (ibidi GmbH, Munich,
Germany). After cells became con-
fluent, the cell-free gap of 500 um
was created by removing the two-
chamber insert. Cells migrating into
the gap region were monitored at 0,
15, and 24 h. Results presented the
data from gap regions of three fields.

Cell Extract Preparation, GST Pull-
down, and Immunoprecipitation—
Cell extracts were prepared with
lysis buffer (50 mm Tris (pH 8.0),
150 mm NaCl, 1% Triton X-100,
0.5% deoxycholate, 0.1% SDS, 2
pg/ml leupeptin, 5 ug/ml aprotinin,
1 mMm phenylmethylsulfonyl fluo-
ride, 1 mm dithiothreitol, and 1 mm
Na;VO,). GST fusion proteins were
produced in the BL-21 strain of
Escherichia coli and prepared
according to the manufacturer’s
instructions. Cell extracts were
pulled down with GST-Src-SH2
fusion proteins and GSH beads and precipitated by incubation
with the anti-FAK antibody and protein G-agarose beads in
lysis buffer with continuous rotation at 4 °C. The pulldown
lysates and the precipitates were washed three times with lysis
buffer before subjecting to phosphatase assays and Western
blot analyses.

Phosphatase Assays and Western Blot Analyses—The pull-
down complexes and immunoprecipitated complexes were
washed once with phosphatase buffer (50 mm Tris (pH 7.0), 50
mM BisTris, 100 mMm sodium acetate, and 10 mm dithiothreitol).
The phosphatase reaction was performed at 37 °C for 30 min
and then terminated by adding SDS sample buffer and heating
at 95 °C for 5 min. The reaction mixtures and equal amount of
cell extracts from each set of experiments were fractionated on
SDS-PAGE. The protein bands were then transferred to
polyvinylidene difluoride membranes and probed with pri-
mary antibody followed by the peroxidase-conjugated sec-

Magnification
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ondary antibody. Antibody reaction was performed using the
SuperSignal reagent (Pierce) and exposed to x-ray films.

RESULTS

JKAP Regulates Cell Migration—To investigate the intracel-
lular localization of JKAP, we constructed a GFP-tagged JKAP
expression vector and transfected it into H1299 cells. H1299-
JKAP-GFP cells were stained with TRITC-labeled phalloidin
for actin filaments. JKAP-GFP distributed throughout the
whole cell but mainly in the cytoplasm (Fig. 14). JKAP-GFP also
co-localized with actin filaments in the cell periphery (Fig. 14),
indicating JKAP participation in cell motility. JKAP-CS was a
mutant with a cysteine 88 to serine substitution, which caused
the loss of phosphatase activity (5). The tetracycline-inducible
cell lines for JKAP and JKAP-CS, H1299-JKAP 1 and H1299-
JKAP-CS 1y, were established for examining the cellular func-
tion of JKAP (Fig. 1, B and C). The expression of Myc-tagged
JKAP and JKAP-CS in H1299 cells was induced by the addition
of tetracycline. The relative levels of endogenous and exoge-
nous JKAP were determined by an anti-JKAP (DUSP22) anti-
body (Fig. 1, B and C). The JKAP expression reduced growth
factor-induced and spontaneous cell migration (Fig. 1B, p <
0.01). In contrast, JKAP-CS expression enhanced growth fac-
tor-induced cell migration (Fig. 1C, p < 0.05), suggesting that
the JKAP-CS mutant exhibits a dominant-negative function.
These results indicate that JKAP could modulate cell migration
and that this function is dependent on the phosphatase activity
of JKAP.

Furthermore, we used a gap-closing assay to monitor cell
migration ability. Fifteen to 24 h after the gap creation, the
remaining gap regions of the JKAP-expressing cells were wider
(372 and 264 um at 15 and 24 h, respectively) than those of
control cells (189 and 125 um at 15 and 24 h, respectively). The
results demonstrated that the JIKAP-expressing cells migrated
significantly slower than control cells (Fig. 24, p < 0.01). To
examine JKAP distribution in migrating cells, the assayed cells
were also fixed and then immunostained with anti-Myc anti-
body and TRITC-labeled phalloidin. Similar to the localization
of JKAP-GFP, Myc-tagged JKAP resided mostly in the cyto-
plasm, although nuclear staining was also observed (Fig. 2B).
Interestingly, JKAP co-localized with actin filaments in the
lamellipodia of the leading edges of migratory cells (Fig. 2B).
These data indicate that JKAP participates in the regulation of
cell movement.

JKAP Is a FAK Phosphatase—An in vitro JKAP phosphatase
reaction was used to determine whether JKAP could dephos-
phorylate cellular proteins. Through Western blot analysis with
an anti-phosphotyrosine antibody (4G10), we found that JKAP
was capable of removing tyrosine phosphorylation from immu-
noprecipitated tyrosine-phosphorylated proteins with appar-
ent molecular masses of 130, 100, 72, and 36 kDa (Fig. 3A).
Through immunoprecipitation-coupled Western blot analyses
of H1299-JKAP cell extracts, we also found the basal and
Src-induced tyrosine phosphorylation levels of several proteins
(with molecular masses of 130, 70, 35, and 25 kDa) were
decreased by JKAP expression (supplemental Fig. 1). These
data suggest that JKAP may serve as a protein-tyrosine phos-
phatase in mammalian cells.
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FIGURE 3. JKAP decreases FAK phosphorylation in vitro. A, tyrosine-phos-
phorylated proteins were immunoprecipitated (/P) from pervanadate (5 um,
1 h)-treated cell extracts and subjected to JKAP phosphatase assay. B and
C, cellular FAKs were pulled down with GST-Src-SH2 fusion protein (B) or
immunoprecipitated with the anti-FAK antibody (C) as substrates and then
left untreated or treated with GST-JKAP-WT or GST-JKAP-CS proteins to per-
form phosphatase reactions. Equal amounts of reaction mixtures were sub-
jected to Western blot (WB) analyses using specific antibodies as indicated.
Results shown are one representative result of three independent
experiments.

Based on the molecular mass and its role in regulating cell
adhesion and migration, we speculated that FAK (125 kDa)
could be a substrate of JKAP. To prove that FAK was a substrate
of JKAP, FAK complexes were isolated from cell extracts using
the GST-Src-SH2 protein and subjected to an in vitro JKAP
assay. We found that JKAP efficiently dephosphorylated FAK at
Tyr-397, Tyr-576, and Tyr-577 (Fig. 3B). The same result was
obtained using immunoprecipitated FAK as a substrate (Fig.
3C). In contrast, JKAP-CS mutant failed to reduce the tyrosine
phosphorylation level of FAK (Fig. 3, B and C). These data indi-
cate that FAK is a substrate of JKAP.

JKAP Regulates FAK Phosphorylation—To further examine
whether JKAP modulated the FAK phosphorylation level in a
cellular context, H1299-JKAP.., and H1299-JKAP-CS.;; cells
were transiently transfected with Src, a FAK kinase, to enhance
FAK phosphorylation and then left untreated or treated with
tetracycline for 0—12 h. Src-transfected cells exhibited stronger
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FAK phosphorylation at Tyr-576/ A H1299-JKAPTR H1299-JKAP-CSTR
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expression significantly decreased
the FAK phosphorylation, whereas

JKAP-CS had the opposite effect p130Cas
(Fig. 4B). Other focal adhesion pro-
teins, such as paxillin and p130Cas, Src-pY416
also undergo regulated phosphory- Src
lation (16). Expression of JKAP
reduced paxillin phosphorylation at JKAP
the Tyr-118 residue; conversely,
JKAP-CS increased this phosphory- JKAP-Myc

lation (Fig. 4, A and B, p < 0.05).
JKAP did not affect p130Cas phos-
phorylation at Tyr-165 in the same
experimental condition (Fig. 4A).
Overexpression of a paxillin mutant B
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decrease of paxillin-rich focal adhe-
sions (Fig. 4C, arrows). This result
was consistent with the finding that
JKAP expression decreased paxillin
phosphorylation and disturbed cell
motility.

Knockdown of JKAP Enhances
Cell Migration and FAK Phos-
phorylation—To further confirm
the role of JKAP in the regulation of
cell migration, we constructed
expression vectors that encode two
shRNAs targeting distinct segments
of human JKAP mRNA. Endog-
enous JKAPs were efficiently S
knocked down in the cells stably Paxillin JKAP-Myc + DAPI Merge
transfected with shJKAP-2 but not

Tet-

Tet+ [isd
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FIGURE 5. Knockdown of JKAP expression increases cell migration and FAK phosphorylation. A, lev-
els of indicated proteins and cell migration abilities of H1299-pSUPER, H1299-shJKAP-1, and H1299-
shJKAP-2 cells were examined by Western blotting (upper panel) or by Transwell assays (lower panel),
respectively. Quantitative data were means = S.E. of one representative result from three independent
experiments. ¥, p < 0.05; **, p < 0.01, compared with H1299-pSUPER cells. B, H1299-pSUPER and H1299-
shJKAP-2 cells were stably transfected with Src. The levels of indicated proteins in cell extracts were
examined by Western blot analyses. Results shown are one representative of three independent

experiments.

shJKAP-1 (Fig. 5A). As expected, shJKAP-2 caused the cells to
migrate significantly faster than the control cells (Fig. 54, p <
0.01). In contrast, shJKAP-1 only showed a marginal, although
statistically significant, effect on cell migration. This result con-
firmed that endogenous JKAP modulated cell motility. To
examine the effects of shJKAP-2 on FAK phosphorylation,
H1299-shJKAP-2 cells were stably transfected with Src to
activate FAK. Down-regulating JKAP expression markedly
enhanced Src-induced phosphorylation of FAK at Tyr-397,
Tyr-576, and Tyr-577 residues (Fig. 5B), further confirming
that JKAP is indeed a physiological modulator of FAK
signaling.

Suppression of FAK and Cell Migration by JKAP

DISCUSSION

DUSPs were first found to be
involved in the down-regulation of
MAPK signaling cascades (reviewed
in Refs. 3, 17). Recently, many newly
identified DUSPs were shown to

&
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(1,
Ql
313’
Q N
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have little or no phosphatase activ-
ity against MAPKs and to have dif-
ferent substrate specificities and
physiological roles from those of
typical MAPK phosphatases (18-
21). Here, we demonstrated that
JKAP, an atypical DUSP, suppressed
Src-induced FAK phosphorylation
and reduced cell migration.

The movement of cells is con-
trolled by the dynamic assembly and
disassembly of actin filaments
underlying the plasma membrane
(22). Results presented here showed
that JKAP co-localized with actin
filaments in the lamellipodia of the
leading edges of migratory cells,
suggesting that JKAP could regulate
cell motility. Furthermore, JKAP-
expressing cells migrated signifi-
cantly slower. Conversely, expres-
sion of JKAP-CS and knockdown
of endogenous JKAP markedly
enhanced growth factor-induced
cell migration. These results further
indicate that JKAP could modulate
cell migration and that this function
is dependent on phosphatase activ-
ity of JKAP.

FAK was first identified as a tyro-
sine-phosphorylated,  Src-associ-
ated protein in v-Src-transformed cells (23). Phosphorylation
of FAK at Tyr-397 in response to integrin or growth factor
signaling leads to the recruitment and activation of Src (13);
subsequently, the activated Src phosphorylates other tyrosine
residues of FAK to induce maximal kinase activity (14). In addi-
tion to regulation by Src, phosphorylation of FAK may be reg-
ulated by tyrosine phosphatases, given that vanadate treatment
of fibroblasts leads to sustained phosphorylation of FAK (24).
Several PTPs have been implicated in regulation of FAK phos-
phorylation status and function. Both PTP1B and PTPD1 pos-
itively regulate FAK phosphorylation (25, 26). Expression of
PTP1B induces FAK phosphorylation by activating Src

FIGURE 4.JKAP dephosphorylates FAK and decreases paxillin-rich focal adhesions. A, H1299-JKAP; cells and H1299-JKAP-CS cells were transfected with
Srcand then incubated with 2 ug/ml tetracycline (Tet) for 6 and 12 h. The cell extracts were subjected to Western blotting using specific antibodies as indicated.
Results shown are one representative result from three independent experiments. The relative band intensities on Western blot assay shown under blot were
determined using a computing densitometer equipped with the Gel-Pro analyzer program, which were normalized by arbitrarily setting the densitometry of
control to 1. B, bar graphs depicted the results from A (open bars, H1299-JKAPg; shaded bars, H1299-JKAP-CS cells). Quantitative data were means = S.E. of
three independent experiments. *, p < 0.05; **, p < 0.01, compared with Src-only control. C, H1299-JKAP cells were cultured with or without 2 ng/ml
tetracycline for 12 h and subjected to double immunostaining with an anti-paxillin antibody (red) as well as an anti-Myc antibody (green). Cell nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI) (blue). Arrows indicate those cells with higher JKAP expression and less paxillin-rich focal adhesions.
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through dephosphorylation of Src at residue Tyr-527 (27).
Conversely, PTP-SHP2 and PTP-PEST are negative regula-
tors of FAK phosphorylation (28, 29). Our study indicates
that JKAP is another phosphatase negatively regulating FAK
phosphorylation.

Different from PTPs, DUSPs have shallow but broader cata-
lytic pockets, which would allow them to dephosphorylate both
tyrosine and serine/threonine residues. Interestingly, the struc-
ture around the catalytic site in several atypical DUSPs, includ-
ing JKAP, VHR, and VHY, is identical to PTPs, although little
sequence homology is shown (31-33). In fact, VHR has been
shown to dephosphorylate the tyrosine residue of STAT5 in the
context of interferon signaling (30). In this study, we demon-
strate that JKAP can dephosphorylate FAK at tyrosine residues.
A previous study shows that JIKAP also dephosphorylates serine
118 of estrogen receptor-c, which in turn attenuates estrogen-
mediated signaling (9). These studies suggest that atypical
DUSPs can have various substrate specificities and efficiently
exert dephosphorylation activity. It deserves further explora-
tion how these atypical DUSPs, which lack apparent substrate-
binding domain, exhibit selective activity toward their
substrates.

The results of previous reports (9, 10) and this study showed
that JKAP can regulate cellular functions through targeting
molecules other than MAPKs. Furthermore, in addition to
FAK, JKAP may also regulate other proteins (e.g. paxillin) in
focal adhesions directly or indirectly (Fig. 4). Further studies
can elucidate the mechanisms by which JKAP regulates cell
migration through other signaling proteins in coordination
with the suppression of FAK phosphorylation.
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